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A method of aqueous gel permeation chromatography
(GPC) was developed and used to determine the
molecular weight distributions of bleach plant efflu-
ents and ether extracts of the effluents. The method
employs two Sephadex G columns in series, elution by
0.1 M LiCI and detection by total organic carbon
(TOC) analysis of eluent fractions. Initially, a single
column and ultraviolet (UV) detection were used.
Subsequent experiments showed that the dual column
system gave better separation at low molecular
weights. Alkaline eluents, such as NaOH and
NaHCO3, caused changes in the apparent molecular
weight distributions of acidic stage bleaching efflu-
ents, and were therefore considered inappropriate.
The GPC system was calibrated using polyethylene
glycols of known molecular weight, and the distribu-
tions of several samples determined. The molecular
weight distributions of bleaching effluents deter-
mined by this method were much lower than those
reported for ultrafiltration. The entire (C+D) efflu-
ent and over 70% of the E1 effluent were eluted at
relative retention volumes corresponding to molecular
weights of less than 1000. The ether extracts of both
(C+D) and E1 stage effluents had distributions that
did not exceed 1000.
The method is well suited to bleaching effluents
which are comprised mostly of hydrophilic materi-
als. Incomplete recovery was observed only for the
most non-polar solutes, found in the ether soluble
fraction. This is not serious because the ether extract
is a relatively small fraction and is known to contain
only low molecular weight components. TOC deter-
mination was used for detection because, unlike UV, it
is not biased toward strongly UV absorbing solutes.
An additional advantage of a universal detection
method such as TOC is that it enables determination
of the degree to which the sample components are
completely recovered from the columns.
INTRODUCTION
Molecular weight distributions of components of the
waste streams of pulp manufacture have been deter-
mined by ultrafiltration and gel permeation (or size
exclusion) chromatography. Ultrafiltration is a
method in which solutions of dissolved polymeric
materials are filtered under pressure, using mem-
branes with known pore sizes. Small molecules pass
through the pores while larger molecules are re-
tained. By using, in succession, a series of such filters,
beginning with one that retains only very large
molecules and ending with one that only small
molecules can pass through, a distribution of molecu-
lar size may be found. Ultrafiltration has been used
to fractionate kraft black liquor (1, 2). It has also
been applied to pulp bleaching effluents for the de-
termination of molecular weight distributions (3-7).
Because of possible aggregation and dilution effects,
ultrafiltration may give incorrect distributions (8).
Gel permeation chromatography (GPC) is another
commonly used method for the determination of
molecular weight distributions of solutions of poly-
meric materials. In GPC, solutions of polymers are
separated by molecular size on columns of porous gel
material. The gel particles contain pores with a
wide distribution of sizes. Large molecules can enter
few of the pores, and are eluted first since less of the
column volume is available to them. More of the to-
tal column volume is available to smaller molecules
since they can penetrate more pores in the gel. Small
molecules are therefore retained longer in the gel and
are eluted later. GPC has been used in the determina-
tion of molecular weight distributions for carbohy-
drates and cellulosics (9-11), lignin model compounds
(12,13), and lignin material from various pulping and
bleaching processes (1, 2, 8, 9, 10, 13, 14-24).
Certain factors exist that may lead to elution of
polymers not entirely according to molecular size (25).
Among these are ion exclusion, ion inclusion, in-
tramolecular electrostatic effects, and adsorption.
Most ionic effects can be controlled by increasing the
ionic strength of the eluent (25). Another phe-
nomenon observed in GPC of lignins is the formation of
association complexes between lignin molecules (14-
16). Evidence of association is the occurrence of bi-
modal molecular weight distribution curves (15, 16).
The disappearance of the bimodality is evidence
that association has been eliminated. Commonly
used systems that are free of association are
Sephadex LH-type gels with 0.1 M LiCl dissolved in
DMF as the eluent (16,19) and Sephadex G-type gels
with aqueous NaOH as the eluent (17, 19, 20, 22, 24).
Incorporation of the salts in the eluents is believed to
cause disruption of association in lignin and lignin-
like molecules. Evidence for this is the shift in the
distribution toward lower molecular weight and
away from bimodality as salt concentration is in-
creased (16, 19).
In the present study, a GPC method for determining
molecular weight distributions of bleaching effluent
components is considered. This method eliminates
the problem of association, has increased resolution,
causes minimal time dependent changes in the distri-
butions of acid stage bleaching effluents, and uses a
means of detection that is unbiased by the chemical
structure of the material. The development of the
method is described here and molecular weight dis-
tributions for both bleaching effluents and their ether
extracts are presented.
EXPERIMENTAL APPROACH
The majority of the experiments were done using mill
produced (C+D) and E1 stage effluents. Polyethylene
glycols, sulfonated polystyrenes, and various low
molecular weight compounds were used as standards.
The results reported here will focus on the distribu-
tions of effluent components under different GPC con-
ditions. Calibration of the GPC system is considered
in detail only with regard to the final system.
Enough eluent solute was added to all standards and
effluent solutions to adjust the concentration of these
solutions to that of the original eluent.
Various GPC conditions were investigated: single
columns, columns in series, different eluent systems,
and different eluent flow rates. The retention time of
a given solute (or equivalently, the volume of eluent
required to elute it) is inversely related to its molecu-
lar size, but also depends on the conditions of the sep-
aration. In particular, eluent pH changes will result
in altered retention time due to gel shrinkage and
swelling.
To account for differences in retention under different
operating conditions, all gel permeation chro-
matograms were normalized to relative retention
volume scales. The scales were based on the retention
of a high molecular weight compound that is com-
pletely excluded from pores in the gel, and a low
molecular weight compound that is, in theory, com-
pletely included in all pores. Relative retention vol-
ume is calculated as follows:
Relative Retention Volume = Rs - Rh / Rl - Rh
where
Rs = retention volume of sample.
R1 = retention volume of low molecular weight
standard.
Rh = retention volume of high molecular weight
standard.
The high molecular weight standard corresponds to a
relative retention volume of 0.0 on this scale, and the
low molecular weight standard to a value of 1.0. Two
different low molecular weight materials were used
to estimate R1: dimethoxybenzoic acid was used when
detection was by UV absorbance, and methanol was
used when detection was by total organic carbon
(TOC) determination. The dimethoxybenzoic acid
was not eluted solely on a molecular weight basis, as
will be shown later, and was therefore a poor choice.
The same retention scale was used within each set of
experiments, so comparisons within each set are
valid. However, the two relative retention volume
scales are not directly comparable. Only in the final
experiments, in which detection was by TOC analy-
sis, do molecular weight values correspond directly to
the relative retention volume scale.
RESULTS AND DISCUSSION
The objective of the experiments was to develop a
method of gel permeation chromatography that was
applicable to the determination of molecular weight
distributions for pulp bleaching effluents. An ideal
method should give accurate molecular weight dis-
tributions which are not altered by adsorption to the
gel or by associative effects. It should also have good
resolution and be reproducible.
The starting point for method development was the
work of Sagfors and Starck (22), who used Sephadex
G-50 gel and eluted bleaching effluent components
from the column with 0.5 M NaOH. Systems of this
type have been commonly used in determinations of
molecular weight distributions of alkaline pulping
waste (17, 19, 20), and molecular association was
shown to be negligible (17).
Single Column GPC
In the early stage of the work, a single column con-
taining Sephadex G-50 gel was used, and solutes were
eluted with 0.5 M NaOH and detected by UV ab-
sorbance at 280 nm. The resulting GPC chromatograms
for (C+D) and E1 stage effluents are shown in Figures
1 and 2. These distributions are very similar to those
obtained by Sagfors and Starck.
Concerns about the possibility of causing chemical
changes in acid stage bleaching effluents by elution
with alkaline systems, led to a consideration of other
eluents. Elution with water gave single large peaks
at the retention volume of the high molecular weight
standard, indicating associative effects. A 0.1 M
aqueous LiCl eluent gave similar distributions to
those obtained with 0.5 M NaOH (Figures 1 and 2),
indicating that LiCl broke the previously observed
associations. To increase the UV absorbance of the ef-
fluents, NaHCO3 was added to the LiCl eluent, and
the distributions were again obtained (Figures 1 and
2). They are similar to the ones obtained using the
other eluents. Although some differences may be
seen, few distinguishing characteristics exist. This is
not surprising since the G-50 gel only has the ability
to separate compounds with molecular weights above
1,500.
Dual Column GPC
To increase resolution, particularly at low molecular
weights, 2 columns were used in series. The first was
packed with Sephadex G-50, as before, and the sec-
ond was packed with Sephadex G-15. The G-50 gel
has the capability to separate solutes having molec-
ular weights of 30,000 to 1,500, and the G-15 gel has
separation capability below 1,500. By connecting the
columns in series, those compounds not resolved by the
first column are separated by the second, and those
separated by the first column pass unchanged through
the second.
Distributions for the effluents were obtained using
the dual column system, with the same 3 eluents stud-
ied with the single column. The distributions for the
(C+D) effluent are shown in Figure 3 and those for the
E1 effluent are shown in Figure 4. Based on the (C+D)
effluent distributions, it is clear that the 2 column
system gives increased separation at the low molecu-
lar weight end of the distributions. The (C+D) efflu-
ent distributions from the 3 sets of conditions are eas-
ily distinguishable from one another. The E1 stage
distributions also gain distinguishing features at low
molecular weights.
Different eluents gave widely varying distributions
for the (C+D) stage effluents, as shown by Figure 3. It
was unclear which, if any, of the distributions were
correct. During the course of these experiments it was
discovered that the distributions obtained with the
0.1 M LiCl/0.1 M NaHCO3 eluent changed as the
(C+D) effluent was contacted with the eluent solutes
for different lengths of time. A sample of the (C+D)
stage effluent was adjusted to 0.1 molarity in both
NaHCO3 and LiCl and the sample distribution was
determined immediately after sample preparation,
several days after sample preparation, and again
several weeks later. The results are shown in Figure
5. The distribution shifted toward higher apparent
molecular weights as exposure time to the eluent so-
lutes increased. In fact, after an extended exposure
time, the distribution became similar in appearance
to that obtained using the 0.5 M NaOH (Figure 6).
These effects may be due to associative behavior. Al-
though alkaline solutions can eliminate associative
behavior, incubation in alkaline solutions can also al-
low association to occur (15). Similar associative be-
havior of the (C+D) stage bleaching effluent may oc-
cur in solutions of both 0.5 M NaOH and 0.1 M
LiCI/0.1 M NaHCO 3. However, in the bicarbonate
case, the association process may be slow enough to be
observed by a sequence of distributions determined af-
ter different exposure times. The use of alkaline elu-
ents for the determination of molecular weight dis-
tributions of (C+D) or other acidic stage bleaching ef-
fluents is clearly unsatisfactory.
GPC With TOC Detection
All previous distributions had been obtained by using
a flow-through UV absorbance detector. UV detec-
tion is dependent on chemical structure of the solute,
and biases distributions toward highly absorbing ma-
terials. An alternative is TOC analysis. TOC mea-
sures the amount of organic carbon, unbiased by chem-
ical structure.
In this group of experiments, the relative retention
volume scale was based on a high molecular weight
polyethylene glycol and methanol. The relative re-
tention volume for a series of polyethylene glycol
(PEG) standards and methanol are given in Table I.
Samples were collected as they emerged from the
columns, and each sample was individually analyzed
for TOC.
The first experiment was a determination of (C+D)
effluent stability to the 0.1 M LiC eluent. The (C+D)
effluent was prepared, run immediately, then run
again after 9 days. Although the two distributions
are not identical (Figure 7), they are very similar,
and are much more reproducible than when alkaline
eluents were used.
The (C+D) and E1 effluents were analyzed by this
system and the distributions are shown in Figure 8.
Cumulative molecular weight distributions for the
effluents are shown in Figure 9. Each point in the cu-
mulative distribution shows the percentage of efflu-
ent TOC corresponding to a molecular weight less
than the given molecular weight. As expected, the
(C+D) effluent contains a greater percentage of low
molecular weight components. The entire (C+D) ef-
fluent consists of material with an apparent molecu-
lar weight of less than 1000. About 70% of the E1 ef-
fluent is eluted at a relative retention volume corre-
sponding to a molecular weight less than 1000. In fact
the peak that occurs in the E1 stage distribution, be-
tween relative retention values of 0.7 and 0.9, corre-
sponds to material with molecular weights of less
than 300. This is contrary to earlier results obtained
by ultrafiltration in which far more high molecular
weight material was found (3-7). The latter result
may be explained in terms of concentration dependent
clogging of membranes which inhibits the passage of
low molecular weight material (8).
It is interesting to compare the E1 effluent distribu-
tion obtained by UV absorption with that obtained
by TOC analysis. Such a comparison (Figure 4 com-
pared to Figure 8) indicates that the high molecular
weight E1 stage material absorbs UV strongly while
the lower molecular weight material absorbs very
little. Similar arguments may be made for the (C+D)
stage effluent distributions.
Ether extracts of bleaching effluents have been iso-
lated and characterized because the majority of com-
pounds of environmental interest are ether soluble
(26). Ether extracts of both effluents were prepared,
dissolved in water, the ether removed, and the
molecular weight distributions determined. These
distributions are shown in Figure 10. The ether ex-
tractable effluent material is apparently of low
molecular weight (almost entirely less than 300), as
expected on the basis of earlier work, which showed
the number average molecular weight of ether ex-
tracts to be less than 300 (27).
Characterization of the Dual Column System
A variety of standards were run and a calibration
curve made for the dual column system. Polyethylene
glycol (PEG) standards covering a wide range of
molecular weights (106-19,700) were used as stan-
dards when TOC was the means of detection. Since
material in bleaching effluents has been shown to be
largely aliphatic and highly oxidized (3, 4), PEG
should be a reasonable model of residual lignin after
bleaching. Sulfonated polystyrene standards (SPS),
which were used during the UV detection experi-
ments, and a variety of low molecular weight acids
were also run to calibrate this system. The calibra-
tion curve is shown in Figure 11. Surprisingly the PEG
and SPS standards fall on the same curve even though
they differ greatly in structure. Several acids known
to exist in effluents (acetic, chloroacetic, oxalic, mal-
onic, and succinic acids) and others of a similar type
(muconic and adipic acids) fall on or very near the
curve. Others (azelaic acid and dimethoxybenzoic
acid) are far from the curve.
It is clear from these results, that dimethoxybenzoic
acid was a poor choice for a low molecular weight
standard in the early experiments, since it does not
elute solely on the basis of molecular size. Its elution
behavior is determined by a combination of molecular
size and attraction to the gel. The compounds which
fall far from the calibration curve were quite water
insoluble, and were therefore more non-polar and
more likely to adsorb to the gel column than the more
water soluble species. Highly polar, highly water
soluble molecules move through the column and are
separated on the basis of molecular size, while non-
polar, water insoluble compounds are adsorbed to
varying extents on the gel and are eluted at longer
than expected times, or in extreme cases not eluted at
all.
Further support for this theory is provided by the re-
covery of TOC after fractionation by GPC. An advan-
tage of TOC detection is that it allows a measurement
of TOC recovery from the columns after fractionation.
If no adsorption to the column occurs, the sum of TOC
in all fractions should equal that of the initial efflu-
ent sample before fractionation. The ether ex-
tractable effluent material, which is the most non-
polar effluent fraction and the most water insoluble
fraction (distributions seen in Figure 10), had TOC re-
coveries of only 42 and 66% for the (C+D) and E1 ef-
fluents, while recoveries for the effluent components
not extracted by ether were 100% or greater. Any re-
covery greater than 100% may have been the result of
adsorbed material removal by additional elution.
Because of solute losses and the resulting contamina-
tion of the columns, this system is not well suited to
the ether extracts. The GPC method using Sephadex
gels and 0.1 M aqueous LiCI eluent is most valid for
polar materials, for example non-ether extractable
effluent fractions, or effluents from ClO2, oxygen, or
ozone bleaching.
Due to adsorption effects, the whole effluent distri-
butions (Figure 9) may be altered somewhat. How-
ever, since the amount of the ether extractable TOC is
generally 10% or less of the total TOC (26), the effect
should be small. Since any adsorbed material is
likely to be ether extractable and therefore of low
molecular weight, the low molecular weight end of
the distributions are probably affected most.
EXPERIMENTAL METHODS
Sample Preparation
Bleaching effluents were mill produced, and ether ex-
tracts were collected as discussed elsewhere (26).
Eluent solutes were added to all samples to adjust
them to the same concentration as the eluents. The
sample pH was also adjusted to the pH of the eluent
system. When TOC detection was implemented,
samples were acidified to pH 2, the samples sparged
with nitrogen to eliminate carbonate, and the sample
pH adjusted upward to that of the LiCI eluent (pH
5.0-5.5).
Gel Preparation and Column Packing
Sephadex G-type gels, made of crosslinked dextran,
were used for GPC work. The gels were purchased in a
powdered state, were swelled first in water and then
in the eluent system, before column packing. Pharma-
cia HR 16/50 columns were used for GPC work, and a
HR 16 column packing reservoir used during the pack-
ing process. Each column was packed individually.
The swelled gel was added to the column and the
packing reservoir and the gel was packed into the
column using flow rates and pressures in excess of
those used during chromatography experiments. At
least 2 column volumes of eluent (200 ml) was passed
through the columns under these conditions to stabi-
lize the gel bed. Once the bed was stable, the column
top adapter was attached and the columns were used.
Gel Permeation Chromatography
Chromatography and column packing were done using
a Varian Model 5000 HPLC. When UV detection was
used, the flow from the columns passed directly into
the UV detector associated with the instrument.
When TOC detection was used, 100 separate 3 ml
samples were collected in a fraction collector, and the
TOC determined for each. Flow rates of 0.5 ml/min
were used in the UV detection studies, while 1
ml/min flow rates were used for TOC detection exper-
iments.
TOC Analysis
Measurement of TOC was done using a Beckman model
915-B Tocamaster analyzer. The instrument was cali-
brated using standard solutions of potassium hydro-
gen phthalate.
SUMMARY AND CONCLUSIONS
A method of aqueous gel permeation chromatography
has been developed and applied to mill produced
bleaching effluents and ether extracts of the efflu-
ents. The method uses 2 Sephadex G-type gel columns
in series - one to separate high molecular weight ma-
terial and the other to separate materials of low
molecular weight. The eluent system is 0.1 M LiCl,
and detection is done by total organic carbon analysis.
The dual column system gives improved low molecu-
lar weight separation compared to a single column
system, and 0.1 M LiCl does not cause changes in the
distributions of acidic stage effluents as alkaline elu-
ent systems do. TOC analysis provides detection that
is unbiased by the chemical structures of eluted mate-
rial, unlike UV detection.
The method was found to be most appropriately used
for hydrophilic materials, since such materials have
minimal interaction with the column. In the present
study the method was used to estimate the molecular
weight distribution for bleaching effluents and ether
extracts of effluents, although the system is not ide-
ally suited to ether extracts. The effluent distribu-
tions were of a much lower molecular weight than
those reported for ultrafiltration. All (C+D) effluent
components had molecular weights of less than 1000,
as did about 70% of the E1 stage effluent. The ether
extracts from both stages were entirely below 1000.
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Figure 1. Single Column GPC of (C+D)Stage Effluent.
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Figure 3. Dual Column GPC of (C+D) Stage Effluent.
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Figure 4. Dual Column GPC of E1 Stage Effluent.
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GPC of (C+D) Effluent After Different Storage Times in 0.1 M
LiCI/0.1 M NaHC03.
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GPC Comparison of(C+D) Effluent-0.5 M NaOH Compared to Long
Storage Time in 0.1 M LiCI/0.1 M NaHC03.
Sephadex G-50 and Sephodex G-15
/Elution After Several Days
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Figure 7. GPC of(C+D) Effluent After Storage in 0.1 M LiCI.
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Figure 8. GPC of Effluents with TOC Detection.
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Figure 9. Cumulative Molecular Weight Distributions for Effluents.
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Figure 11. Calibration Curve for Dual Column System.
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